Background
Carpal tunnel syndrome (CTS) is one of the most common entrapment neuropathies affecting as much as 5% of the adult population.
1,2 CTS diagnosis is often suspected when typical symptoms including pain, dysesthesia in the median nerve territory, and loss of dexterity are present. 3 While no real diagnostic gold standard exists, there is a strong consensus on the clinical findings necessary to diagnose CTS. These are characteristic history, physical examination findings of sensory or motor impairment in the median nerve distribution, and positive provocative tests. 4 To prevent permanent devastating sequel, early diagnosis seems to be essential. 5 Electrodiagnostic testing (EDX) most often confirms the diagnosis but limitations include patient discomfort and a variable rate of false-negative results. 6, 7 Moreover, EDX provides physiologic information regarding slowing of nerve conduction and axon loss but does not give anatomic details reflecting the underlying cause. 7 Considering abovementioned shortcomings of EDX in CTS patients, there has been a growing trend in search of other diagnostic methods. [8] [9] [10] The objective of the current study was to evaluate the diagnostic accuracy of neuromuscular ultrasound in patients with clinical evidence of CTS and normal nerve conduction study (NCS).
Materials and methods subjects
It was a prospective diagnostic accuracy study of patients with clinically suspected CTS who were referred to our academic EDX Lab between July 2012 and December 2015 at the University Rofaydeh Rehabilitation Hospital, Tehran, Iran, using convenience sampling. We recruited the patients with clinically suspected CTS via word of mouth through their referring physician (from Orthopedic Surgery, Neurology, Neurosurgery, Physiatry, Internal Medicine); 41% were internal referrals, and 59% were referred from outside clinics. The clinical diagnosis of CTS was established based on the American Academy of Orthopedic Surgeons clinical practice guideline recommendations. 10, 11 We also included control subjects with the same age and sex distribution without clinical evidence of CTS nor any other upper limb complaint among the hospital staff, medical students, and patients' relatives. The remuneration offered to control subjects was same as that offered to patients with clinically suspected CTS.
All patients and controls underwent clinical examination, NCS, and sonography. Additionally, patients with suspected CTS also underwent needle electromyography (EMG). Demographic data including age, sex, weight, height, and body mass index (BMI) were extracted prospectively.
We excluded patients with a previous history of wrist or hand trauma and surgery, the presence of other neurologic disorders such as polyneuropathy, anatomical or structural misalignment in upper limb, and other lesions within the carpal tunnel. 12 Potential subjects were offered a nominal payment and free EDX testing as an incentive for participation. The Ethics Committee of the University of Social Welfare and Rehabilitation approved the study protocol. We also adhered to the Declaration of Helsinki (Sixth Revision -2008) and obtained written informed consent from every patient.
sampling and sample size
The primary outcome was the median nerve cross-sectional area (CSA) at the carpal tunnel inlet level, which is the most sensitive and specific parameter in detecting CTS. 9 Based on the sample size formula for estimating a population mean, 25 given the absolute precision of 0.1 and a standard deviation (SD) of 0.2 considering the mean, median nerve inlet CSA in the first 20 control subjects, a sample size of at least 96 cases in each group was needed.
clinical diagnosis
A single physician examined all patients and controls based on the American Academy of Orthopedic Surgeons clinical practice guideline recommendations. 10, 11 The examiner included detailed history taking and personal characteristics, pace activities, and comorbidities. He also performed standard sensory examination, manual muscle testing of the upper extremity, and provocative tests such as Phalen's test and compression test and discriminatory tests such as Spurling test for alternative diagnoses. A translated and valid version of Boston pain questionnaire was the final step to confirm the diagnosis clinically.
To be as specific as possible in clinical diagnosis, only patients with positive subjective and objective and Boston questionnaire results were considered as having suspected CTS.
electrodiagnostic studies
Just one physiatrist, who was unaware of the subjects' clinical status, with 25 years of EDX experience conducted the EDX studies of each arm. He used A Neuropack EMG machine (S1, MEB-9400K; Japan) for all studies. The skin and room temperature were more than 32°C and at 25°C, respectively.
He performed EDX according to the American Association of Neuromuscular and Electrodiagnostic Medicine (AANEM) standard criteria for suspected CTS. 7 All subjects underwent median antidromic sensory NCS across the wrist with a conduction distance of 13-14 cm. If it was normal, the ulnar sensory, mixed palmar orthodromic median and ulnar NCS were performed to evaluate the absolute or relative slowing of the median orthodromic latency. 7 Bi-hump sensory response technique from 4th finger, with inter hump difference more than 3 msec, was also considered to detect milder forms of CTS. 7 Subjects with suspected CTS also underwent median, ulnar, and radial motor NCS, medial and lateral antebrachial cutaneous sensory NCS, and needle EMG of the upper limb to exclude any differential diagnosis or existed comorbidities, eg, cervical radiculopathy or brachial plexopathy. 13 Reference values established by Dumitru were used. 22 We applied all the abovementioned examinations for control subjects except needle examination. [11] [12] [13] [14] Subjects were seated in front of the sonographer during the scan, with the forearm in relaxed supination, fingers in the semi-flexed position, and the elbow flexed to approximately 60 degrees. We used a My-lab 25 (Esaote, Genoa, Italy) ultrasound machine with a 10-18 MHz linear array transducer. The frequency, depth, gain, and focal zone were kept constant for all studies. Care was taken to rest the probe gently on the skin/gel interface. The sonographer positioned the probe at the level of the distal wrist crease in a transverse plane. CSA of median nerve was measured at the carpal tunnel inlet (level of the pisiform and scaphoid) by tracing just inside the hyperechoic margin with integrated measurement software of abovementioned sonography machine, 15 as demonstrated in Figure 1 ; in the case of a bifid nerve at the inlet level, two CSAs were combined. 16 Three measurements were made, and their mean was recorded as the median nerve CSA. Intra-rater measurement reliability was tested in study subjects by having the sonographer capture and save two unmarked images. The same person measured the median nerve CSA on each of the saved images, three times in a week. SPSS version 19 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. Parametric variables were depicted as the mean ± SD, with the remainder presented as frequencies and percentages. Distribution of data was tested with the Kolmogorov-Smirnov test. An α-value <0.05 was considered significant. Independent t-test was used to compare quantitative variables between CTS patients and the reference group of the study. Dependability coefficient (phi) was used for intra-rater reliability.
Results
During the study period, 2830 patients were referred to our EMG lab, of whom 1923 patients had upper limb complaints. Based on abovementioned clinical examination, 1243 patients were diagnosed CTS clinically. Among them, 250 agreed to participate in the study. Of these 250 volunteers, 130 patients had bilateral CTS and 120 patients had unilateral CTS, thus totally to 380 affected wrists. NCSs confirmed CTS diagnosis in 269 (73%) wrists, and was normal in the rest (27%). In the final item by item NCS data check, we found prolonged median sensory distal latency (>3.7 msec) in 5 cases and a slowed median conduction velocity at the forearm level (<50 m/sec) in other 3 cases. These eight wrists were initially included due to some shortcomings in report generation or data entry and therefore were excluded from data analysis, leaving 103 wrists for the final analysis. The control group was made up of 108 wrists without CTS symptoms. Nine were found to have abnormal median NCS and therefore were excluded, leaving 99 wrists for the final analysis. The recruitment flow diagram is presented in Figure 2 .
BMI and median CSA had signif icant difference between case and control groups' demographic data ( Table 1 ). The correlation between CSA and BMI was not detected neither in CTS patients (P-value=0.57, Pearson rho=0.55) nor in the control group (P-value=0.29, Spearman rho=−0.107). The sonographic findings of the median nerve are shown in Table 2 . From the control wrists' values, we extracted a cutoff level of 9.4 mm 2 , applying 2SD above the mean CSA as the threshold in CTS diagnosis. By this measure, 75 wrists (73%) were diagnosed with CTS, given the sensitivity of 73% for high-resolution sonography in clinically diagnosed CTS with normal NCSs.
Additionally, out of 380 total wrists, with clinically confirmed CTS, 277 had CTS in EDX. When both methods were considered in a complementary manner, we achieved 92.6% sensitivity. Intra-rater reliability, as described in the Materials and methods section, gave a Phi equal to 0.937.
Discussion
The current study demonstrated that ultrasound had sensitivity of 73% in clinically diagnosed CTS wrists with normal NCS, whereas the pooled sensitivity of ultrasound and NCS in clinically diagnosed CTS wrists was as high as 92.6%.
Clinical findings are the cornerstone for the diagnosis of CTS, and confirmation by EDX findings is widely used as the most accurate diagnosis. 3 However, shortcoming in EDX standard references value and electrophysiologic changes delay in acute CTS may be responsible for false-negative EDX results. On the other hand, relatively invasive nature of EDX has led physicians to search for another diagnostic methods. 3, 4, 7, 8 Ultrasonography is an alternative confirmatory method for the diagnosis of CTS, according to recently published meta-analyses, 17 restricting the role of electrodiagnosis to people with advanced axonal loss and suspected for differential diagnosis. 18 We chose to measure CSA of the median nerve at the carpal tunnel inlet, as this has been found to be the most sensitive and specific sonographic variable, based on a literature review of published abstracts between 2000 and 2017, 3, 18, 19 as well as a recent meta-analysis published by the AANEM. 20 However, no exact normal ranges for median nerve CSA and cutoff point for detecting CTS have been developed, mainly due to variations in equipments, measurement techniques, patients' characteristics and so the variable location of maximum CSA or median nerve swelling, etc. In a recent meta-analysis, the most frequent CSA cutoff point for detecting CTS was between 8.5 and 10 mm 2 at the level of the pisiform. 18 Koyuncuoglu et al found abnormal median nerve CSA in 30% of 59 wrists with clinical diagnosis of CTS patients and normal NCS, using a median nerve CSA >10.5 mm 2 at the carpal tunnel inlet as a diagnostic cutoff. 20 Another study detected a sensitivity of 48.6% with almost the same population and sonographic technique. 21 We found a significantly higher sensitivity for sonography in this setting, which may in part be due to our larger sample size, lower CSA cutoff, lower sensitivity of our NCS in diagnosing CTS, or a combination of the abovementioned criteria. Although we did follow the AANEM practice parameter guideline in choosing the specific NCS values to diagnose CTS, in conjunction with standard reference values, 7, 22 the relatively low sensitivity for detecting CTS with NCS in our lab suggests we may need to establish NCS normal values specific for us.
The cutoff point (mean + 2SD) for the median nerve CSA at the level of pisiform in our control group was 9.36 mm 2 , which correlates well with other standard high-quality studies, 3, 6 and was rounded up to 9.4 mm 2 . Many clinical tests fall short of their ideal by choosing an incorrect optimal cutoff value. The methodology of cutoff value determination is multiple, including 95% confidence interval for mean (mean+ 2SD), logistic regression, receiver operating characteristics curves, and discriminant analysis. 23 A right selection of diagnostic test and cutoff value determination method can provide an optimal cutoff with optimal sensitivity and specificity. Mean+ 2SD as a conventional crude method of obtaining cutoff values for a diagnostic test may be subjected to some drawbacks. So, the upper limit of healthy persons may not coincide with the lower limit of patients. Sometimes a gap between the two and sometimes an overlap may exist. Moreover, such variability in the methodology of cutoff point 
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Inter-rater and intra-rater reliabilities are always of concern in operator-dependent tests such as ultrasound and, ideally, should be addressed in research studies. Conversely, the intra-rater and inter-rater reliabilities of various median nerve measurements about CTS are usually ignored. 24 These variabilities justify the discrepancies in sensitivity of ultrasonography in diagnosing CTS patients with normal NCS. Our study protocol only used one sonographer (unaware of the patient's clinical status), and our intra-rater reliability rate was 0.937 dependability coefficient, demonstrating excellent repeatability.
As a limitation we analyzed both wrists from the same patient if they had bilateral symptoms, because of funding constraints, to reach adequate sample size based on our power analysis. Another limitation was that we excluded patients with other diagnoses, which could mimic CTS, based on their clinical examination and EDX testing, eg, proximal median neuropathy or C6 radiculopathy; this can by itself reduce the generalizability of our finding.
We were not attempting to evaluate the sensitivity of ultrasound in diagnosing CTS in isolation but in conjunction with NCS. The strengths of our study were its prospective design, the inclusion of patients who were newly diagnosed, and reporting the intra-rater reliability.
Although our objective was to determine the sensitivity and specificity of ultrasound in diagnosing CTS in clinically suspected CTS with normal NCS, it is important to remember that these tests should be used judiciously, only when clinically indicated, in conjunction with a detailed history and physical examination findings.
Conclusion
The present study highlights the complementary role of ultrasound in diagnosing CTS jointly with EDX, particularly in patients with clinical diagnosis of CTS and negative NCS. Sonography was 73% sensitive in patients with CTS and negative NCS, increasing the overall diagnostic sensitivity for clinically suspected CTS in our lab setting to 92% in conjunction with EDX. The authors recommend using diagnostic ultrasound in EDX labs, especially for patients with clinical findings suggestive of CTS but with normal NCS.
